INTRODUCTION
============

Two-dimensional (2D) transition metal dichalcogenides (TMDs) have attracted worldwide attention for their promising applications in photonics ([@R1]), sensing ([@R2]), and optoelectronic nanodevices ([@R3]). Low-dimensional quantum confinement effects play a major role in the optoelectronic response of 2D TMDs such as monolayer tungsten disulfide (WS~2~) ([@R4]). Many-body states such as neutral excitons, trions, and biexcitons govern the photoresponse in TMDs ([@R5], [@R6]). Their interconversion may be controlled by using photoexcitation or bias, which strongly depends on the local inhomogeneities such as impurities, defects, or external dopants. As a result, unlike the bulk materials, the optoelectronic properties of monolayer WS~2~ are dominated by excitons and trions ([@R4]). Therefore, controlling the excitons in 2D TMDs allows the manipulation of the device performance.

Previous work on the control of neutral excitons (*X*^0^) and negatively charged trions (*X*^−^) was based on the exciton interconversion *X*^0^+*e*^−^ → *X*^−^ via gating ([@R7]), photoexcitation ([@R8]), plasmonic hot carriers ([@R9]), and chemical doping ([@R10]). However, the nanoscale optical control of the 2D materials has not yet been realized. Nanoscale control of trions is of great importance in optoelectronic nanodevices, for example, carbon nanotube film--based electroluminescence devices ([@R11]) and MoS~2~-based field-effect transistors ([@R12]). Here, we show that quantum plasmonics provides a convenient and effective tool for generation, nanoimaging, and control of trions in 2D materials.

Quantum plasmonics plays an important role when the dimensions of plasmonic nanostructures reach a critical subnanometer size ([@R13]), as, for example, in the picoscale cavity formed by the plasmonic scanning probe and metal substrate ([@R14]). Few-layer MoS~2~ in the picocavity showed interesting tunneling-induced photoluminescence (PL) and Raman quenching effects ([@R14]). However, although the classical plasmonic modulation of excitons in MoS~2~ has been achieved ([@R15], [@R16]), the quantum yield of exciton generation is low in few-layer compared to monolayer 2D materials, and the quantum plasmonic control of trions in monolayer TMDs was not yet explored. Using tip-enhanced quantum plasmonic (TEQPL) imaging, we show that it is possible to locally control both neutral excitons and trions in monolayer WS~2~. Compared to the classical plasmonic imaging, TEQPL can be used to control and monitor the exciton interconversion by varying the size of the picocavity.

The classical tip-enhanced PL (TEPL) technique provides a high spatial resolution beyond the optical diffraction limit due to the near-field (NF) enhancement of the PL signals by localized surface plasmon resonances of a plasmonic scanning probe such as a silver- or gold-coated nanotip ([@R14], [@R17]). The classical tip-substrate coupling leads to the large local electric field enhancement within a tip-sample distance of 1 \< *d* \< 10 nm with an additional enhancement in the case of a metallic substrate via gap-mode plasmons. However, for very small subnanometer gaps, the NF enhancement may be reduced because of the quantum plasmonic effects such as tunneling of surface charges in the gap plasmon TMD system ([@R14]). As a result, the tunneling electrons reduce the overall surface charges and the corresponding local electromagnetic fields at the probe ([@R18], [@R19]). Previously, we reported similar control experiments in a plasmonic picocavity made of a pure gold substrate and gold tip (without WS~2~) and observed quantum plasmonic quenching due to electron tunneling ([@R14]). Here, we use quantum plasmonic effects in a Au-Ag substrate-tip picocavity to control trions in monolayer WS~2~ by the tunneling charges. In addition, because of the picometer-scale control of the tip-sample distance, we obtained picoscale control of the photoresponse in the vertical tip-sample coupling direction. Using TEQPL, we achieved both imaging and control of neutral excitons and trions with a high lateral spatial resolution of \~80 nm. This is the first demonstration of quantum plasmonic interconversion of neutral excitons to trions in 2D materials, which has promising applications for novel nanoscale light-matter interaction schemes in atomically thin semiconductors.

RESULTS
=======

The schematic representation of the experimental setup is shown in [Fig. 1A](#F1){ref-type="fig"}. We used the state-of-the-art commercial scanning probe microscopy system to perform the coupled atomic force microscopy (AFM) and nano-optical TEQPL experiments with precisely controlled tip-sample distance (OmegaScope-R coupled with LabRAM, HORIBA Scientific; details are given in Materials and Methods). Au-coated Ag tip was mounted on an AFM cantilever, and the 532-nm laser was focused on the tip apex, leading to the enhancement of local electric fields in the tip-substrate cavity. To study the quantum plasmonic effects, we constructed a picometer-gap cavity between the Au substrate and the Au-coated Ag tip by calibrating the tip-sample distance using the force-distance analysis, which was previously described ([@R14]) and is shown in fig. S1. Briefly, we used the short-distance approximation of the Lennard-Jones potential to estimate the tip-sample distance within the van der Waals (vdW) contact between the Au and S atoms (0.35 nm) ([@R20]). We used the vdW radii of 0.166 nm (Au) and 0.180 nm (S) for the estimation of the 0.346-nm Au-S contact.

![Quantum plasmonic generation of trions in a Au-Ag picocavity with monolayer WS~2~.\
(**A**) Schematic of TEQPL imaging with monolayer WS~2~ in a picocavity formed by the Ag tip and the Au substrate. The 532-nm laser beam was focused on the tip apex, and the sample was scanned to obtain the PL spatial maps of neutral excitons (*X*^0^) and trions (*X*^−^). The tunneling-induced *X*^0^→*X*^−^ transition takes place for the short tip-sample distance. (**B**) Sketch of the Au-Ag cavity with *d* \> 1 nm tip-sample distance that corresponds to the classical coupling (CC) regime. (**C**) PL spectra of *X*^0^ and *X*^−^ in monolayer WS~2~ in the CC regime. Blue and red solid lines are Gaussian fitting functions centered at 614 and 625 nm, respectively. a.u., arbitrary units. (**D** and **E**) Corresponding sketch and PL spectra of monolayer WS~2~ in the Au-Ag picocavity in the quantum coupling (QC) regime with a tip-sample distance *d* \< 0.35 nm, where the charge tunneling \[blue arrow in (D)\] contributes to the formation of trions. The PL intensity of *X*^−^ becomes larger than that of *X*^0^ in the QC (E) compared to the CC (C) regime.](aau8763-F1){#F1}

[Figure 1 (C and E)](#F1){ref-type="fig"} shows the PL spectra of monolayer WS~2~ in the Au-Ag cavity fitted by two Gaussian functions ([@R19]) centered at the PL signals of *X*^0^ (614 nm) and *X*^−^ (625 nm). Similar observations of trionic emission on both nonmetallic ([@R4], [@R10], [@R21], [@R22]) and metallic ([@R23]--[@R26]) substrates show negative trion peaks at room temperature. Figure S10 shows the corresponding PL signals of WS~2~ on the Si/SiO~2~ substrate as compared with the PL signals on the Au substrate. The PL spectra on the Si/SiO~2~ substrate are in agreement with previous reports ([@R21], [@R27]) and show similar line shapes with \~30-meV separation between the PL peaks of neutral excitons and trions, indicating similar values of the binding energies on both substrates. The relative blue shift of \~10 nm on the Au substrate compared to the Si/SiO~2~ substrate may be due to the combination of surface plasmonic effects ([@R10], [@R21], [@R28]), and the release of strain in chemical vapor deposition (CVD)--grown WS~2~ may be due to the transfer on Au ([@R25], [@R26]).

Several previous theoretical studies predicted a strong dependence of the binding energy of both neutral excitons and trions on the dielectric properties of the substrate ([@R29]--[@R31]), which was confirmed experimentally for neutral excitons; however, contrary to the predictions, only a weak dependence of binding energy on the substrate was shown experimentally for trions ([@R32], [@R33]). Another recent model accounted for this difference by treating the monolayer TMD behavior of the transition metal and chalcogenide atomic sheets ([@R34]). The trion wave functions, confined to the middle layer transition metal sheet, were screened by the outer chalcogen layers. In addition, the model included the polaron effects of lattice distortion due to the charged exciton, which increased the effective mass of the trion and increased the trion's binding energy. This weak dependence allowed the observation and control of trions on metallic substrates at room temperature.

Panels C and E of [Fig. 1](#F1){ref-type="fig"} correspond to the two representative tip-sample distances *d* for the classical coupling (CC) and quantum coupling (QC) regimes with *d* \> *d*~0~ and *d* \< *d*~0~, shown in [Fig. 1](#F1){ref-type="fig"} (B and D, respectively), where *d*~0~ = 0.35 nm is the vdW contact distance. When *d* = 0.31 nm (QC; [Fig. 1E](#F1){ref-type="fig"}), the peak ratio of the *X*^−^ and *X*^0^ signals is larger than that of *d* = 1.03 nm (CC; [Fig. 1C](#F1){ref-type="fig"}), which indicates that the relative ratio of trions to neutral excitons increased because of tunneling.

Quantum plasmonic control of trions in monolayer WS~2~ in the Au-Ag cavity was further investigated as a function of the tip-sample distance as shown in [Fig. 2](#F2){ref-type="fig"}. AFM imaging confirmed the monolayer uniform thickness and a high quality of the triangular-shaped WS~2~ nanoflake ([Fig. 2A](#F2){ref-type="fig"}). The PL intensity measured in the spatial location marked by a circle in [Fig. 2A](#F2){ref-type="fig"} was investigated as a function of the tip-sample distance in the range of 10 nm down to a few hundred picometers, which correspond to the CC and QC regimes, respectively ([Fig. 2C](#F2){ref-type="fig"}). [Figure 2B](#F2){ref-type="fig"} shows the PL quenching of both neutral excitons (*X*^0^; blue) and trions (*X*^−^; red) at the picoscale distances. The rates of the *X*^0^ and *X*^−^ quenching are different due to the different mechanisms such as the tunneling-induced decrease in the local electric field at the tip apex ([@R14], [@R35], [@R36]) and the tunneling-assisted exciton-trion interconversion ([@R12], [@R35]). The PL ratio *I*~*X*^−^~/(*I*~*X*^0^~ + *I*~*X*^−^~) shows an increase in the trion signal at distances shorter than \~300 pm ([Fig. 2D](#F2){ref-type="fig"}). More examples are shown in fig. S2.

![Picoscale quantum plasmonic control of neutral excitons (*X*^0^) and trions (*X*^−^) in monolayer WS~2~ in a Au-Ag cavity.\
(**A**) AFM image of the triangular monolayer WS~2~ nanoflake. PL intensity of neutral excitons (*X*^0^; blue) and trions (*X*^−^; red) measured in a spatial location marked by a circle in (A) as a function of the tip-sample distance in the picometer scale (**B**) and in the whole range (**C**) shows the PL quenching of both signals at the picoscale distances. (**D**) However, the ratio *I*~*X*^−^~/(*I*~*X*^0^~ + *I*~*X*^−^~) shows an increase in the trion relative to the neutral exciton signal at distances shorter than 300 pm.](aau8763-F2){#F2}

We then performed similar measurements on a complex WS~2~ nanoflake, which consists of several areas of interest including a monolayer periphery and a few-layer center as well as a multilayer structural defect at the right corner shown by the AFM height variations in [Fig. 3A](#F3){ref-type="fig"}. TEQPL imaging provides a sensitive method for probing the heterogeneity of the nano-optical response of 2D materials. We obtained PL images of neutral excitons and trions by plotting the integrated areas under the corresponding fitted PL spectra ([Fig. 3, C to F](#F3){ref-type="fig"}). We observed differences between the NF ([Fig. 3, C and E](#F3){ref-type="fig"}) and far-field (FF) ([Fig. 3, D and F](#F3){ref-type="fig"}) PL images of the complex WS~2~ nanoflake in a Au-Ag cavity with tip-sample distances of 0.31 and 10 nm, respectively. Compared with the FF images, the NF TEQPL images show a higher spatial resolution and reveal a rich variety of features. For example, the width of the Au-WS~2~ interface at the edge of the flake was measured as \~82 and 881 nm using the NF and FF *X*^−^ PL signals, respectively ([Fig. 3G](#F3){ref-type="fig"}). The AFM profile in [Fig. 3G](#F3){ref-type="fig"} indicates the position of the WS~2~-Au substrate boundary, which correlates well with the optically detected boundary in the NF images. The origin of the increased roughness of the AFM height profile in [Fig. 3G](#F3){ref-type="fig"} is the use of the same Au-coated Ag tip for the AFM measurements and the simultaneous TEPL. The metal coating of the tip leads to the enhanced tip-sample interaction, which is responsible for the increased noise level with the estimated SD of the height profile to be less than 1 nm.

![TEQPL imaging of a complex WS~2~ nanoflake.\
(**A**) AFM image shows the height topography with WS~2~ triangular monolayer periphery and a few-layer triangular central region. Several areas of interest are marked A to F in different parts of the flake. (**B**) Kelvin probe force microscopy (KPFM) image under a 532-nm laser illumination shows inhomogeneous contact potential difference (CPD) signal at the surface of the sample. G to I mark the top, left, and right corners, respectively. NF neutral exciton, *X*^0^ (**C**), and trion, *X*^−^ (**E**), TEQPL, and FF *X*^0^ (**D**) and *X*^−^ (**F**) PL images of the complex WS~2~ nanoflake in a Au-Ag cavity with tip-sample distances of 0.31 and 10 nm, respectively. Black dashed lines indicate the outlines of the WS~2~ nanoflake. The imaging step size is 50 nm. (**G** and **H**) Line profiles of the AFM, KPFM, and PL signals from the marked white dashed lines (i) and (ii), respectively. Vertical orange and red dashed lines in (G) mark the width of the FF and NF PL profiles, respectively, of trions at the Au-WS~2~ interface at the edge of the flake. Vertical blue and red dashed lines in (H) mark the positions of the maximum signal intensities of the NF PL signal profiles of neutral excitons and trions, respectively, showing the relative shift of the two signals.](aau8763-F3){#F3}

Because TEQPL is based on tunneling, it is very sensitive to the thickness of the sample placed in the gap mode--enhanced electric field of the cavity. This leads to a higher imaging contrast of TEQPL compared to the conventional FF PL. For example, the few-layer central triangle part of the WS~2~ nanoflake is better resolved in the NF TEQPL images ([Fig. 3, C and E](#F3){ref-type="fig"}) than in the FF PL images ([Fig. 3, D and F](#F3){ref-type="fig"}). In addition, the top (G) and right (I) corners of the WS~2~ nanoflake have low intensities in both the FF and NF signals due to the presence of the charge doping effects in G and multilayer structural defects in I. The increase in the height in I is supported by the correlated AFM data in [Fig. 3A](#F3){ref-type="fig"}. The charge doping is supported by the correlated Kelvin probe force microscopy (KPFM) image, which shows the surface contact potential difference (CPD) signal in [Fig. 3B](#F3){ref-type="fig"}. KPFM shows larger signals in the G and I corners compared to H, which anticorrelate with the PL signal intensities. It has been previously shown that charge doping reduces the PL signals in 2D materials, which is in agreement with our results.

The apparent lack of the clear triangular shapes in the FF and NF images is a result of the limited spatial resolution of \~880 and 80 nm for FF and NF, respectively, which limits the ability to resolve small triangular features (especially for the FF) in the chosen relatively small (\~4-μm-size) nanoflake. The flake outlines in the NF images in [Fig. 3 (C and E)](#F3){ref-type="fig"} exhibit the triangular shape more clearly than the corresponding FF images in [Fig. 3 (D and F)](#F3){ref-type="fig"}. Still, the absence of the full triangular outline is due to two effects, namely, charge doping and multilayer structural defect. In addition to the intrinsic charge doping of the nanoflake, there is also a quantum plasmonic contribution due to the plasmon-induced electron tunneling from the tip to the sample. Therefore, we performed KPFM measurement both without and with the simultaneous laser excitation (fig. S4, A and B, respectively). Now, it is more clearly seen that quantum plasmonic charge doping leads to the notable variation of the CPD across the G to H line of the KPFM image in fig. S4B.

More detailed information about the sample heterogeneity and the correlation of the AFM topography, KPFM surface potential, and PL signals is shown in the line profiles in [Fig. 3 (G and H)](#F3){ref-type="fig"} obtained from the spatial maps, as indicated by white dashed lines (i) and (ii), respectively. The weaker PL signal from the central area is due to the indirect bandgap nature of multilayer WS~2~. Both FF PL and NF TEQPL signals are strong when the sample thickness is small, as shown in the line profiles in [Fig. 3H](#F3){ref-type="fig"}. The NF TEQPL signals show a higher spatial resolution and qualitatively new spatial features compared to the FF PL signals. Different areas of strong PL signals ("hot spots") exist at different locations in the NF images. For example, the left corner (H) shows strong FF PL hot spots of both neutral excitons ([Fig. 3D](#F3){ref-type="fig"}) and trions ([Fig. 3F](#F3){ref-type="fig"}). However, these hot spots are suppressed in the corresponding NF images ([Fig. 3, C and E](#F3){ref-type="fig"}). In addition, the FF profiles of neutral excitons and trions are similar ([Fig. 3H](#F3){ref-type="fig"}, green and orange lines), but the corresponding NF profiles show maximum intensity peak shifts of *X*^0^ and *X*^−^ (blue and red lines with shifted maxima highlighted by the vertical dashed lines), which indicates a possible quantum plasmonic tip-induced conversion *X*^0^→*X*^−^ in certain spatial locations. This qualitative difference between the hot spots in the FF and NF signals indicates the importance of the tip-sample interaction during the imaging, and it can be used for both imaging and controlling the excitons in 2D materials simultaneously by adjusting the appropriate instrument parameters. The PL spectra at different tip-sample distances and the corresponding *I*~*X*^−^~/(*I*~*X*^0^~ + *I*~*X*^−^~) ratios for different spots labeled A to E in [Fig. 3 (A and B)](#F3){ref-type="fig"} are shown in fig. S2. These selected spots provide a rich picture of various heterogeneous photoresponses. The results were reproducible as shown by the two consecutive distance dependence measurements at spot B in fig. S6. Further insight into the sample heterogeneity may be obtained by a more detailed analysis of the NF TEQPL maps. For example, figs. S7 and S8 show zoomed-in *X*^0^ and *X*^−^ maps with anticorrelated subwavelength features. The regions of large intensity in the *X*^−^ map in fig. S7B reveal trion hot spots (dashed circles). Similar regions in the *X*^0^ map show the suppression of the PL signal in fig. S7A. This provides evidence for the *X*^0^→*X*^−^ conversion due to the tunneling-induced tip-sample interaction. While FF PL maps show microscale variation of contrast, they do not show any localized anticorrelations (fig. S7, C and D).

The tip-sample distance used for the TEQPL images in [Fig. 3 (C and E)](#F3){ref-type="fig"} corresponds to the QC regime, where the local electric field was partially quenched by tunneling, leading to a large contribution of the *X*^0^ → *X*^−^ transition. The TEQPL images revealed a highly inhomogeneous pattern with localized regions of strong PL signals (hot spots) in accordance with previous reports of nano-optical imaging of 2D materials ([@R17], [@R37]). Here, we further investigated the tip-sample distance dependence from different spatial locations within the complex WS~2~ nanoflake. [Figure 4](#F4){ref-type="fig"} shows the tip-sample distance dependence of the *X*^0^ and *X*^−^ PL signal intensities from two spatial locations marked in [Fig. 3A](#F3){ref-type="fig"} as spot A ([Fig. 4, B and C](#F4){ref-type="fig"}) and spot C ([Fig. 4, D and E](#F4){ref-type="fig"}). These two locations represent the typical examples of strong and weak quantum tip-sample coupling, which correspond to the complete and incomplete quenching of the PL signals in the QC regime. Because of the small size of the tip apex, its influence on the FF PL signals within the 10-nm range can be ignored. Therefore, the effects of the varying tip-sample distance on the FF signals can be ignored, and one expects the same FF contributions to the PL signals at all tip-sample distances plotted in [Fig. 4](#F4){ref-type="fig"}.

![Tip-sample distance dependence of PL of WS~2~ nanoflake in a Au-Ag cavity.\
(**A**) Energy diagram of the tip-sample-substrate (Ag-WS~2~-Au) system with Schottky barrier (SB). Tip-sample distance dependence of the PL signal intensities of neutral excitons (*X*^0^) and trions (*X*^−^) from two spatial locations marked A (**B** and **C**) and C (**D** and **E**) in [Fig. 3A](#F3){ref-type="fig"}. Three regimes of tip-sample coupling are identified in (B): (i) FF with no tip-sample coupling (*d* \> 10 nm), (ii) NF with classical tip-sample coupling (NF CC) with 0.35 nm \< *d* \< 10 nm, and (iii) NF with quantum tip-sample coupling (NF QC) with *d* \< 0.35 nm. Green and blue dashed lines indicate the FF and the short-distance NF *X*^0^ PL signals, respectively. Zoomed-in picoscale tip-sample distance dependence of TEQPL signals from spatial locations A (C) and C (E) in the QC regime. The vertical black dashed lines separate the CC and QC regimes at the vdW tip-sample contact distance (0.35 nm).](aau8763-F4){#F4}

We consider three different regimes of tip-sample coupling, which are indicated by arrows and corresponding schematic diagrams in [Fig. 4B](#F4){ref-type="fig"}: (i) FF with no tip-sample coupling (with tip-sample distance *d* \> 10 nm and pure FF excitation), (ii) NF with classical tip-sample coupling (NF CC) with tip-sample distance 0.35 nm \< *d* \< 10 nm, and (iii) NF with quantum tip-sample coupling (NF QC) with *d* \< 0.35 nm. Case (ii) corresponds to the classical NF coupling, while case (iii) corresponds to the NF coupling with strong quantum plasmonic effects due to field quenching via tunneling and *X*^0^ → *X*^−^ transition. [Figure 4B](#F4){ref-type="fig"} shows the enhancement and quenching of the *X*^0^ and *X*^−^ PL signals in the NF CC and QC regimes, respectively. The *X*^0^ PL intensity at short tip-sample distances of \<250 pm is smaller than the *X*^0^ FF PL intensity at a long distance of 10 nm, as indicated by the horizontal blue and green dashed lines in [Fig. 4B](#F4){ref-type="fig"}, respectively. In the absence of the *X*^0^ → *X*^−^ transition, one would expect the same PL intensities in the case of the complete NF PL quenching at short tip-sample distance as in the case of the long-distance FF PL signal. This is because tunneling completely suppresses the NF enhancement in the QC regime ([@R14]). In the case of the incomplete PL quenching, the PL intensities at the short tip-sample distances are larger than at the long distances. This is observed in the incomplete quenching case where the NF QC PL (blue dashed line) is larger than the FF PL (green dashed line) in [Fig. 4D](#F4){ref-type="fig"}. However, this is not the case in the complete quenching case where the opposite behavior is observed ([Fig. 4B](#F4){ref-type="fig"}). This may be attributed to the *X*^0^ → *X*^−^ contribution, which reduced the number of *X*^0^ below the FF limit. This shows the main difference between the classical TEPL imaging technique, where the tip-sample interaction only leads to the confinement of the enhanced electric field. Because of the inhomogeneity of the WS~2~ nanoflake under the ambient conditions in air, the Schottky barrier (SB) depends on the local surface energy ([@R38]), leading to the inhomogeneous local quenching behavior. The incomplete quenching may take place when the electron tunneling is suppressed by the WS~2~-gold SB, while in the complete quenching case, the SB is low. In addition, the variations in the local electrostatic environment under the ambient conditions, revealed by the inhomogeneous CPD images in KPFM ([Fig. 3B](#F3){ref-type="fig"} and fig. S4), result in different tip-WS~2~ tunneling efficiencies, which, together with SB, determine the PL quenching. The spatial locations in [Figs. 2](#F2){ref-type="fig"} and [4B](#F4){ref-type="fig"} showed complete PL quenching, while the spatial locations in [Fig. 4D](#F4){ref-type="fig"} and fig. S3 showed incomplete PL quenching. Only the spots with complete PL quenching showed a substantial decrease in the *X*^−^ signals in the QC range of 360 to 260 pm due to the strong contributions of the quantum plasmonic quenching effects needed to support the *X*^0^ → *X*^−^ conversion.

Here, we show that the tip-sample distance is a convenient control parameter. For example, [Fig. 4 (C and E)](#F4){ref-type="fig"} shows zoomed-in picoscale tip-sample distance dependence of TEQPL signals from spatial locations A and C in [Fig. 3A](#F3){ref-type="fig"}. [Figure 4C](#F4){ref-type="fig"} shows a decrease in the *X*^−^ PL signal with a decrease in the tip-sample distance until it reaches \~250 pm. Classically, the opposite trend is expected in which the PL signal increases with the decrease in the gap due to the plasmonic gap-mode enhancement. Therefore, the observed PL quenching is attributed to the tunneling-induced quenching of the plasmonic fields. Similar effects were previously predicted and observed in metallic plasmonic systems ([@R13], [@R14], [@R39]). However, after the further decrease in the tip-sample distance below 250 pm, the *X*^−^ PL signal increases again with the simultaneous decrease in the *X*^0^ PL signal. This gives strong evidence for the tunneling-induced contribution of the *X*^0^ → *X*^−^ transition. Then, subsequently, the *X*^−^ PL signal decreases again with the further decrease in the tip-sample distance below 240 pm, which is attributed to the formation of the conductive channel in the reduced tip-substrate cavity gap. As a result, all the optical NF signals are suppressed. We developed a theoretical model described in Materials and Methods, which was used to successfully fit the data shown in [Fig. 4](#F4){ref-type="fig"} (C and E, black lines).

The tip-sample distance dependence plots in [Fig. 4](#F4){ref-type="fig"} show the overall quenching of the PL signals of neutral excitons in both CC and QC regimes. However, the signals of trions show less changes in the QC regime for the selected spatial locations. The quenching rates for the neutral excitons and trions are different due to the contribution of the *X*^0^ → *X*^−^ transition. To show more clearly the competition of these two mechanisms, we use the peak ratio *I*~*X*^−^~/(*I*~*X*^0^~ + *I*~*X*^−^~) from the two adjacent spots that are separated by 60 nm, E ([Fig. 5 A and B](#F5){ref-type="fig"}) and D ([Fig. 5 C and D](#F5){ref-type="fig"}). In the CC regime, these peak ratios are constant and do not depend on the tip-sample distance (see fig. S2). However, in the QC regime, spot E shows a decreasing ratio at *d* \< 260 pm ([Fig. 5B](#F5){ref-type="fig"}), and spot D shows the opposite behavior with an increasing ratio ([Fig. 5D](#F5){ref-type="fig"}). This can be understood by analyzing the behavior of the *X*^0^ and *X*^−^ PL signals separately for these two spots. [Figure 5C](#F5){ref-type="fig"} shows that the *X*^−^ PL intensity in spot D did not significantly change, but the *X*^0^ PL intensity decreased because of the *X*^0^ → *X*^−^ transition and tunneling, respectively. This indicates not only a substantial contribution of the *X*^0^ → *X*^−^ transition in spot D but also a reversal of the peak ratio and a contribution of the opposite reaction in spot E, leading to the inverse *X*^−^ → *X*^0^ transition. This shows a strong dependence of the observed effects on the spatial location and sample heterogeneity and also provides new opportunities for controlling the subwavelength local photoresponse of excitons in 2D materials.

![Subwavelength control of trions in an Au-Ag picocavity with monolayer WS~2~.\
Zoomed-in picoscale tip-sample distance dependence of TEQPL signals of neutral excitons *X*^0^ (blue) and trions *X*^−^ (red) from spatial locations E (**A**) and D (**C**) in the QC regime. (**B**, **D**) The corresponding peak ratios *I*~*X*^−^~/(*I*~*X*^0^~ + *I*~*X*^−^~) show the relative number of trions and neutral excitons and reveal the underlying quantum plasmonic mechanisms. Inset shows the tip-sample distance control parameter *d* and the AFM image of the central part of the complex WS~2~ nanoflake, with the marked locations of spots D and E separated by 60 nm. The peak ratios show two different types of behavior from the closely spaced locations, which may be switched by varying the tip-sample distance by only a few picometers.](aau8763-F5){#F5}

DISCUSSION
==========

The TEQPL images revealed detailed inhomogeneous properties of the samples that correlated with topography and CPD measurements. TEQPL also revealed specific locations with different quenching behavior that could not be identified using the conventional FF PL, AFM, and KPFM techniques. Different regimes of PL imaging may be used for different purposes. Distance dependence may be classified on the basis of the results shown in [Fig. 4](#F4){ref-type="fig"} into four cases. First, the classical PL enhancement increases with the decrease in the tip-sample distance. Second, the saturation of the enhancement takes place due to the energy transfer between the tip and the sample and the competing PL suppression., Third, PL control in the QC regime is achieved below the vdW distance due to the *X*^0^ → *X*^−^ transition. Fourth, the complete suppression of the TEQPL is due to the broken tip-substrate cavity and the formation of the classical conductive channels shown in [Fig. 4C](#F4){ref-type="fig"} when *d* \< 240 pm. Although the transition to quantum plasmonic trion generation increases the trion density in WS~2~, the strong NF quenching mechanism suppresses the overall NF effects. Therefore, the tip-sample distance should be optimized on the basis of a specific target.

We distinguish two regimes of the tip-sample coupling, namely, the CC and QC regimes, which correspond to the tip-sample distance of *d* \> 1 nm and *d* \< 0.35 nm, respectively. In theory, we distinguish the classical TEPL and quantum TEQPL imaging techniques. However, in reality, both TEPL and TEQPL contribute in the quantum plasmonic regime of small tip-sample distance, where the classical NF effects of TEPL are still present and, in addition, the quantum plasmonic effects make a substantial contribution. The contribution of the TEQPL can be controlled by varying the tip-sample distance. Optical NF and FF images in fig. S3 show a small contribution of TEQPL and a large contribution of TEPL, which was achieved by varying the set point of the AFM measurement. The NF maps of neutral excitons and trions in fig. S3 (A and B, respectively) show correlated intensity distributions of the TEPL signals (the TEQPL signals show anticorrelated intensity distributions but contribute less in this measurement due to a different AFM set point). The comparison between the mostly TEQPL and mostly TEPL signals in [Fig. 3](#F3){ref-type="fig"} and fig. S3, respectively, shows the key differences between the classical and quantum plasmonic techniques. The classical TEPL technique provides nanoscale imaging by the plasmonic NF enhancement but does not allow the local control of the charged excitons and trions. The quantum plasmonic TEQPL technique provides new control tools in addition to imaging. This opens new possibilities for simultaneous imaging and control in the quantum regime.

MATERIALS AND METHODS
=====================

We performed AFM, KPFM, and TEQPL imaging of monolayer WS~2~ in a Au-Ag tip-substrate cavity using a state-of-the-art commercial instrument (OmegaScope-R coupled to LabRAM, HORIBA Scientific). Plasmonic Ag tips have larger NF enhancement compared to the Au tips. However, Ag rapidly oxidizes in air, reducing the tip lifetime. Therefore, the Ag tips were coated with 3 to 4 nm of Au to protect from oxidation. The WS~2~ samples were grown on Si/SiO~2~ substrates via CVD and were transferred to the atomically flat Au substrates (Platypus).

AFM measurements were performed using a silicon tip with \~20-nm diameter. The scanning step size was 25 nm. Each scan took 3 min with a scanning rate of 1.0 Hz. TEPL imaging was based on the contact mode AFM. A 532-nm laser (400-μW power with an equivalent power density of 4 × 10^5^ W/cm^2^) was used for excitation and adjusted to focus on the tip apex by optimizing the microscope objective. Both the FF and NF PL signals were collected before and after the tip-sample contact. The TEQPL scanning step size was 50 nm, and the acquisition time per pixel was 0.5 s. The NF signals were obtained by subtracting the data with and without the tip contact. The overall background was removed, and the PL spectra were normalized for convenience. The contact mode AFM image, which was obtained during the TEQPL mapping simultaneously with the NF and FF PL maps in [Fig. 3](#F3){ref-type="fig"}, shows the absence of any notable thermal drift (fig. S5).

The PL distance dependence was performed by keeping the tip stationary within the laser focus, lifting the sample up toward the tip using the piezo-electric control. The total displacement of the sample stage was 40 nm, but the actual tip-sample distance variation was less, as was previously described ([@R14]) and shown in fig. S1. The distance dependence data were collected using 200 steps and the 0.5-s acquisition time per step.

KPFM was performed using the same Au-coated Ag tip, as was used in TEQPL for measuring the relative surface CPD between the sample and the tip. KPFM scans were performed with a 25-nm step size under a 532-nm laser illumination. All experiments were performed under ambient conditions at room temperature.

Theoretical model
-----------------

To understand the mechanisms of the two quantum plasmonic effects, that is, the tunneling-induced *X*^0^ → *X*^−^ transition and PL quenching, we developed a rate equation model describing the distance dependence of the PL of neutral excitons *X*^0^ and trions *X*^−^ by considering the ground ∣*g*〉, neutral exciton ∣X^0^〉, and trion ∣X^−^〉 states (fig. S9A) with *N~g~*, *N*~*X*^0^~, and *N*~*X*^−^~ populations, respectively$$\frac{\mathit{dN}_{g}}{\mathit{dt}} = - s\Gamma_{p}(d)(N_{g} - N_{X^{-}}) - \Gamma_{p}(d)(N_{g} - N_{X^{0}}) + \Gamma_{X^{0}}N_{X^{0}} + \Gamma_{X^{-}}N_{X^{-}}$$$$\frac{\mathit{dN}_{X^{0}}}{\mathit{dt}} = \Gamma_{p}(d)(N_{g} - N_{X^{0}}) - \Gamma_{\text{CT}}(d)(N_{X^{0}}) + \beta\ \Gamma_{\text{CT}}(d)(N_{X^{-}}) - \Gamma_{X^{0}}N_{X^{0}}$$$$\frac{\mathit{dN}_{X^{-}}}{\mathit{dt}} = s\Gamma_{p}(d)(N_{g} - N_{X^{-}}) + \Gamma_{\text{CT}}(d)(N_{X^{0}}) - \beta\ \Gamma_{\text{CT}}(d)(N_{X^{-}}) - \Gamma_{X^{-}}N_{X^{-}}$$where τ~*X*0~ = 1/Γ~*X*^0^~ and τ~*X*^−^~ = 1/Γ~*X*^−^~ are the neutral exciton and trion relaxation times, respectively. The relaxation times of the neutral excitons and trions in WS~2~ at room temperature were approximately set to τ~*X*0~ = τ~*X*^−^~ = 1 ps ([@R40]). We only consider the NF excitation in describing the distance dependence because the FF excitation does not depend on the tip-sample distance that was kept below 10 nm. The NF neutral exciton pumping rate Γ~p~(*d*) depends on the tip-sample distance due to the tunneling-induced plasmonic field quenching. The corresponding NF trion pumping rate *s*Γ~p~(*d*) includes the parameter *s* to describe the ratio of the neutral exciton to trion excitation rate that was set to *s* = 0.15. Because we assume that the quantum quenching effects contribute at *d* \< 0.35 nm, Γ~p~(*d*) is described by a piecewise function corresponding to the CC and QC regimes ([@R35]).$$\Gamma_{p}(d) = \begin{cases}
{1 - e^{- \frac{d - c}{d_{p}}},} & {\text{for}~d < 0.35;} \\
{B{(R + d - c)}^{- 4},} & {\text{for}~d > 0.35} \\
\end{cases}$$

In the QC regime of *d* \< 0.35 nm, the parameter *c* represents the distance of the conductive contact between the tip and the sample with the complete quenching of the NF. The value 1/*d*~p~ = 0.02 nm^−1^ describes the inverse mean tunneling distance. When *d* \> 0.35 nm, the pumping rate is described by the NF tip-sample energy transfer function (*R* + *d* − *c*)^−4^, where *R* = 25 nm is the tip apex radius and *B* is the smoothing parameter ([@R35]). The distance dependence of the tunneling-induced *X*^0^ → *X*^−^ transition rate is given by Γ~CT~(*d*)$$\Gamma_{\text{CT}}(d) = \begin{cases}
{\mathit{Ae}^{- \frac{d - c}{d_{\text{CT}}}},} & {\text{for}~d < 0.35;} \\
{0,} & {\text{for}~d > 0.35} \\
\end{cases}$$where we assume Γ~CT~(*d*) = 0 in the CC regime for *d* \> 0.35 nm due to the low tunneling probability for the large tip-sample distance. The value 1/*d*~CT~ describes the inverse mean distance dependence of the *X*^0^ → *X*^−^ transition rate. The ratio of *d*~CT~ and *d*~p~ shows the competition of the increase in trion PL due to the *X*^0^ → *X*^−^ transition and the decrease in trion PL due to plasmonic quenching. *A* is a normalization parameter. The inverse *X*^−^ → *X*^0^ transition probability was set to β = 0.001. This model was used to fit the results shown in [Fig. 4](#F4){ref-type="fig"}. For the complete quenching case, *d*~CT~ = 0.1*d*~p~ and *c* = 0.234 nm. For the incomplete quenching case, *d*~CT~ = 0.3*d*~p~ and *c* = 0.220 nm. Our results show that the main differences between the complete and incomplete quenching are the larger parameters 1/*d*~CT~ and *c* in the case of the complete quenching, which shows the rapid increase in the *X*^0^ → *X*^−^ transition rate with the decrease in the tip-sample distance *d*. Incomplete quenching shows the slow increase in the *X*^0^ → *X*^−^ transition rate with *d*, which cannot reach a notable value before the quantum quenching suppresses the NF PL.
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Fig. S1. AFM force-distance diagram.

Fig. S2. Tip-sample distance dependence of the neutral exciton/trion PL.

Fig. S3. Classical TEPL imaging.

Fig. S4. Kelvin probe force microscopy.

Fig. S5. AFM obtained during TEQPL imaging.

Fig. S6. Repeated distance dependence measurements of spot B.

Fig. S7. Anticorrelated distributions of neutral excitons and trions under TEQPL.

Fig. S8. Mixed distributions of neutral excitons and trions.

Fig. S9. The model and simulation of TEQPL.

Fig. S10. PL and peak assignment of WS~2~ on Si/SiO~2~.
